Currently available genetic and archaeological evidence is generally interpreted as supportive of a recent single origin of modern humans in East Africa. However, this is where the near consensus on human settlement history ends, and considerable uncertainty clouds any more detailed aspect of human colonization history. Here, we present a dynamic genetic model of human settlement history coupled with explicit geographical distances from East Africa, the likely origin of modern humans. We search for the best-supported parameter space by fitting our analytical prediction to genetic data that are based on 52 human populations analyzed at 783 autosomal microsatellite markers. This framework allows us to jointly estimate the key parameters of the expansion of modern humans. Our best estimates suggest an initial expansion of modern humans ∼56,000 years ago from a small founding population of ∼1,000 effective individuals. Our model further points to high growth rates in newly colonized habitats. The general fit of the model with the data is excellent. This suggests that coupling analytical genetic models with explicit demography and geography provides a powerful tool for making inferences on human-settlement history. The availability of a large data set of DNA samples from 11,000 individuals distributed worldwide and typed at hundreds of genetic markers 1,2 has led to the description of extremely strong patterns in the geographic distribution of genetic diversity in humans. Genetic differentiation between populations increases essentially linearly with geographic distance, computed along landmasses.
The availability of a large data set of DNA samples from 11,000 individuals distributed worldwide and typed at hundreds of genetic markers 1, 2 has led to the description of extremely strong patterns in the geographic distribution of genetic diversity in humans. Genetic differentiation between populations increases essentially linearly with geographic distance, computed along landmasses. [3] [4] [5] [6] Even more striking is the observation that geographic distance along landmasses from East Africa (a likely origin of anatomically modern humans) is an excellent predictor of the genetic diversity of individual populations throughout the world. Indeed, genetic diversity decreases smoothly with increasing geographic distance from Africa. 7, 8 These patterns offer compelling evidence for the hypothesis of a recent African origin of modern humans. [9] [10] [11] [12] [13] They further suggest a scenario of the colonization of the world by modern humans through a large number of successive bottlenecks of small amplitude and a predominance of gene flow over limited distance. 7 The simple nature of the patterns described, their smoothness, and the large proportion of variance explained by linear regressions offer an exciting opportunity to model these patterns with tractable population-genetics models, to gain insight into the key parameters of human-settlement history.
In this article, we consider an analytical dynamic colonization population-genetics model in a one-dimensional habitat, to simulate the process of colonization of the world by modern humans and their population expansion. Although the colonization of the world by anatomically modern humans was obviously a two-dimensional process, our one-dimensional framework is appropriate because we consider only within-population coalescence times so that we do not have to make any assumption about the connection between populations. Using this framework, we simulate the evolution of coalescence times during the colonization process, to estimate parameter values that provide the best fit to the variance in allele size computed in 52 populations distributed worldwide. Specifically, we search for the values of the age of the initial expansion, the number of individuals at the source of this event, as well as growth rate and carrying capacity of subsequently colonized demes. Our simulations point to an expansion of modern humans ∼56,000 years ago, starting from an ancestral source population of ∼1,000 effective individuals, and also suggest high population-growth rates within newly colonized demes.
Material and Methods

General Features of the Model
To model the colonization of the world from a single ancestral African population, we take advantage of a framework developed by Austerlitz and colleagues. 14 The model is based on a one-dimensional habitat with d demes arranged linearly ( fig. 1 ). At the beginning of the colonization process, a single deme is occupied (which would correspond to the first modern human population that appeared in Africa). This first deme is located at one border of the one-dimensional habitat, and its size is at the carrying capacity K 0 . All the other demes have equal carrying capacity K.
Individuals are diploid and mate at random within demes, and generations are nonoverlapping. Every deme at carrying capacity sends an equal number of migrants ( ) to its two neighboring Km/2 demes, where m is the migration rate. Demes are thus colonized sequentially ( fig. 1 ). Reproduction occurs after the colonization/ migration phase. We chose a logistic population-growth model to describe the evolution of population size in each deme, which Figure 1 . Schematic representation of the colonization model. At generation t 0 , the entire population consists of a single ancestral deme at the border of the stepping-stone. This initial founding population has a carrying capacity K 0 and is at mutation-drift equilibrium. At each generation, this population sends a proportion of migrants to the neighboring site (deme 2). Thus, at generation t 1 , deme m/2 2 comprises individuals. The individuals in deme 2 reproduce randomly and produce a number of offspring determined by the (m/2)K 0 growth rate parameter r. Once deme 2 has reached its carrying capacity K (at times t k ), it starts sending migrants to its two neighboring sites. This process of migration and population growth of newly colonized demes continues until all demes are full.
is biologically more realistic than exponential growth or sudden expansion. 11, 15 From this demographic model, we can obtain the dynamics, over time, of the expected coalescence times of pairs of genes within and between demes. This can be expressed as a matrix with elements t i,j , the expected coalescence time between genes T sampled in deme i and deme j. We now express migration in matrix form, with M t being a backward migration matrix adjusted for subpopulation size and with elements being the probability m i,j that a gene sampled in deme i at generation t originated from deme j in the previous generation. The recursion of coalescence times (eq. [13] in the work of Austerlitz et al. 14 ) can be rewritten as
where is a matrix with the same diagonal elements as , but
T T t t
all other elements are set to zero. Equation (1) expresses the dynamics of expected coalescence times under different demographic scenarios. The initial conditions are given by , where T 0 all elements are set to zero except t 1,1 which is equal to , the 2K 0 expected coalescence time for a random-mating population of size K 0 at mutation-drift equilibrium.
Under the assumption that modern humans colonized the world following routes mainly along landmasses, the populations in the CEPH human genetic-diversity panel most distant from East Africa are in South America, ∼28,000 km away from Ethiopia. 7 We thus divided the world into a sequence of steppingstones consisting of 300 demes, each representing an area of 10,000 km 2 ( km). This deme size is similar to that used 100 # 100 in previous studies. 11 The time needed for the complete process of colonization is largely conditioned by the population-growth rate r. For most of our simulations, there were ∼200-300 generations between the time the colonization of deme 280 (corresponding to the Karitiana in Brazil) and the time of colonization of deme 300 (located at the southern tip of South America). After the last deme was colonized, we let the simulations run for another 200 generations; there is thus a colonization phase followed by a migration phase. The length of this migration phase is based on the assumption that South America was first occupied 10,000-15,000 years ago 16 (400-600 generations of 25 years each). It should be noted that the model is not very sensitive to the length of the migration phase. Adding up to 300 generations did not noticeably affect the general fit between actual data and simulated results. The only consequence was an increase in the K and Km estimates (which was always !5%).
This model allows us to obtain expectations for the coalescence times between any pair of genes (the mean age to a common ancestor) for any set of parameter values. Most available evidence suggests microsatellites evolve mainly under a stepwise mutation model (SMM), under which a single repeat is added or deleted by mutation. Under the SMM, the coalescence time T i within each population i-that is, -can be simply estimated from i (1,d) the variance of allele-repeat size within population (see the X i work of Kimmel and Chakraborty 17 ) as
Using this formula, we estimated coalescence times for all populations from the CEPH panel. We used an effective mutation rate of , as advocated elsewhere for this set of loci. 5 The Ϫ4 7.5 # 10 individual mutation rate and deviation from the SSM is large for individual loci. However, here, we use a weighted average effective mutation rate over all loci, which has been computed on the same data set. 5 This estimate is an effective mutation rate under SSM and thus takes into account deviations from a stepwise model. Since this weighted average is based on a very large number of loci (783), its mean is expected to be highly accurate.
Empirical Data
Individuals from the CEPH panel were split into the same populations as described in the work of Ramachandran et al. 5 After elimination of the same duplicates and possibly misclassified individuals, the data set consisted of 1,048 individuals assigned to 54 populations. 5 The Surui were removed, since they experienced a severe bottleneck in 1961, when their population size went down to 34 individuals following the spread of diseases brought in by contact with the outside world. 18 The two South African Bantu populations are characterized by very small sample sizes. We thus considered the average of the two coalescence times computed separately as a single data point. For the geographical distances, we computed the shortest route through landmasses, also avoiding areas with a mean altitude 12,000 m. We assumed the following land bridges: the route through the Sinai to the Levant as a single connection between Africa and Eurasia, the Bering Strait between Eurasia and the Americas, and a connection between the Malaysian Peninsula and Melanesia. The resulting colonization routes are shown in figure 2. The geographic distances were obtained using an algorithm, based on graph theory, that we developed elsewhere. 7 The advantage of this approach over conventional spatial statistics (as used in Geographical Information System software) is that we do not assume the data to be in a Cartesian coordinates system resulting from projection of a spherical surface onto a flat surface. Whereas projections are quite accurate for relatively limited areas, they are problematic for questions that encompass the whole globe.
Analyses
There are five parameters in the model that were allowed to vary: time since the spread of modern humans in number of generations t (throughout the article, we assume a generation time of 25 years 11, 19 ), growth rate in a newly colonized deme r, migration rate m, carrying capacity of the initial population K 0 , and carrying capacity of all other demes K. Mutation rate of the microsatellite loci, m, and the number of demes, d, were considered to be fixed at and 300, respectively. Our simulations were per-Ϫ4 7.5 # 10 formed in a homogeneous environment, with r, K, and m identical in each deme, regardless of location. Under the assumption that a given genetic data set is the product of a particular evolutionary scenario formed by this set of parameters, one would ideally like to estimate the likelihood of all possible scenarios that can generate the data and choose the one maximizing this likelihood. However, because exploring all possible scenarios is not feasible, given the large number of parameters and the difficulty in computing the likelihood of our model, we restricted our search to a finite number of parameter combinations.
We
(using increments of 5 units) that maximized the fit of the simulation to the actual data, by calculating the sum of square distances between actual data and simulated expectations (corresponding to the sum of squares for the error [SSE]). The parameter set that minimized SSE was considered the best. The goodness of fit was expressed in terms of , the proportion of total variance 2 R explained by the model. CIs for the parameter values were obtained by considering all models with the Akaike information criteria (AIC) within 4 units from the AIC of the best-fit model, roughly corresponding to the 95% CI, in a least-squares optimization framework,
where n is the sample size and p is the number of parameters fitted in the model. 20 The number of generations needed for the colonization process is a mere consequence of the other variables and is mainly affected by r, which conditions the speed of the wave of advance. We did not consider as plausible any scenario leading to a colonization of the world in !1,500 generations. We carefully evaluated the distribution of residuals by eye. For all simulations comprised within the 95% CI area, residuals were well distributed and thus justified our model fitting by minimizing SSE. Figure 3 summarizes the fit between analytical expectations and actual data for different sizes of the ancestral founding population in East Africa, K 0 , and the growth rate of newly colonized demes, r. The contour plot gives the amount of variance in the data explained by the model (R 2 ). The 95% CI is within the red line. The black area represents unrealistic regions of the parameter space, which correspond to a colonization process of the world achieved in !1,500 generations. Averaging all values associated to combinations of K 0 and r within the 95% CI yields an initial founding population of individuals ( 1,064 ‫ע‬ 93 mean ‫ע‬ ) at mutation-drift equilibrium combined with a growth SD rate of . The range of parameter space leadr p 0.86 ‫ע‬ 0.08 ing to a good fit between simulated and real data includes very high values of r. However, as previously mentioned, extreme values of r also lead to unrealistically short colonization times that can easily be dismissed. For instance, for reasonably large founding population ( ), K у 1,200 0 will invariably lead to a scenario of the colonization r 1 0.9 of the world in !1,500 generations (37,500 years, under the assumption of generation times of 25 years), which is incompatible with the archaeological evidence. 21 Our model enables us to infer the optimal values for the carrying capacity of demes (K) and the number of migrants/colonists per deme per generation (Km). Averaging again all values associated with combinations of K 0 and r within the 95% CI yields and
Results
Km p . Expressed in density, this yields a value of 0.075 164 ‫ע‬ 21 effective individuals per km 2 . Further assuming a 1:3 ratio for effective:census population size, 22 we estimate a density of 0.22 individuals per square kilometer. The Km values representing the product of carrying capacity K and the proportion of migrants per population per generation m point to high colonization/migration rates, suggesting that ∼23% of the individuals move from one population to an adjacent one.
By following the same rationale used to estimate the other parameters, in our model, we can evaluate the bestsupported time scale for the colonization of the world. Consideration of only the simulations within the 95% CI leads to an average colonization time of the world of generations. Under the assumption of a 25-2,243 ‫ע‬ 227 year generation interval, this translates into an estimate of the initial expansion of modern humans from East Africa ∼ years ago. This estimate suggests 56,063 ‫ע‬ 5,678 that humans started expanding shortly before they crossed into Eurasia (an event believed to have occurred ∼45,000-75,000 years ago 12, 21 ), a long time after the earliest fossil evidence for anatomically modern humans (∼160,000-195,000 years ago 23, 24 ). So far, we have focused on individual parameters. Equally important, if not more so, is the global fit of the model with the data. In figure 4A , we present expected coalescence times under the best-supported set of parameters against empirical observations, and, in figure 4B , we report gene diversities (heterozygosities). To obtain the expectation for gene diversities that are commonly used in population genetics, we transformed the mutation rate under SMM to an infinite-allele model (IAM) equivalent. The IAM equivalent mutation rate (m IAM ) here is ,
Ϫ4
2 # 10 which is obtained by assuming an effective size for the entire human population of 10,000 effective individuals. The general fit for both coalescence times and gene diversities is remarkable. It is also noteworthy that the expectations for coalescence times and gene diversities do not decrease linearly with geographic distance. This is due to populations in the middle of the sequence of steppingstones having higher effective neighborhoods (i.e., they receive more migrants). An important corollary stemming from this nonlinearity is that use of linear regressions on gene diversities 5 might not allow correct inference of the geographic origin of modern humans.
Discussion
Over recent years, a near consensus has emerged in favor of a recent single origin of modern humans in East Africa. [9] [10] [11] [12] [13] However, considerable uncertainty clouds any more detailed aspect of human-colonization history. Here, we estimated key parameters of the spread of modern humans, using a model of isolation by distance, which is supported by the observation that genetic diversity decreases smoothly with geographic distance along landmasses from East Africa. 7, 8 Our general model fits remarkably well with the general pattern of empirical data based on 52 populations from the CEPH human genetic-diversity panel genotyped at 783 autosomal microsatellites (fig.  4) . Our results point to an expansion of modern humans ∼56,000 years ago, from a founding population of 1,000 effective individuals. We further obtained very high population-growth rates within newly colonized demes.
We estimate an ancestral founding population of effective individuals. Under the assumption 1,064 ‫ע‬ 93 of a 1:3 ratio for effective:census population size, 22 this would suggest an ancestral population of ∼3,000 individuals. Although this value may seem small, it is in line with some of the previous extremely low estimates that were based on autosomal and Y-chromosome microsatellite lo-ci. 25, 26 It is likely that other human populations lived in Africa at the same time but did not contribute to the colonization of the world. 25, 27 Our results thus suggest that the demographic expansion of anatomically modern humans started from a limited geographic area. Such a scenario is compatible with the patterns observed in mtDNA and Y chromosome, where the diversity found outside Africa represents only a fraction of the diversity seen among African haplotypes. 21, 28 Our results point to very fast growth in newly colonized demes. Our best-supported rates of increase (∼0.86 ‫ע‬ 0.08 in a logistic growth model) are at the higher end of available values estimated for human hunter-gatherer populations ( ). [29] [30] [31] It is, however, important to re-0.3 ! r ! 0.9 alize that our r values affect growth rate only in newly colonized environments. It is likely that the early settlers benefited from extremely favorable conditions, with an essentially unlimited supply of naive prey, as suggested by the catastrophic faunal extinctions that have occurred in the wake of human arrival in previously uninhabited regions of the world. 32 Our model predicts a density of 0.22 individuals per square kilometer, well within the 0.01-0.35 range estimated for ancient and modern hunter-gatherer societies. 31, 33, 34 The Km values representing the product of carrying capacity K and the proportion of migrants per population per generation indicate high migration rates, suggesting that ∼23% of the individuals moved from one population to another. This figure should be evaluated with circumspection, since its biological interpretation is not straightforward. There are three features in our model that may make our parameter m an overestimate of the real migration rate. First, we did not allow for long-distance migration, which would be far more effective at homogenizing demes. Second, we allowed for migration from a deme only when it had reached its carrying capacity. Third, we did not separate migration (the exchange of individuals between demes at carrying capacity) and colonization (movement of individuals to nonsaturated adjacent demes).
The wave of migration out of Africa is suggested to have occurred !100,000 years ago and to have led to the subsequent colonization of the entire world, with the replacement of previously established human species, such as Neanderthals in Europe. 12, 35, 36 Archaeological findings provide potential dates for the key events. The oldest remains of modern humans, which presumably pinpoint the origin of our species, have been found in eastern and southern Ethiopia and have been dated at 160,000 and 195,000 years, respectively. 23, 24 Although there have been several attempts to quantify the size of the population that moved out of Africa, fewer attempts have been made to estimate the starting date of the colonization process. Zhivotovsky and colleagues 25 give an estimate of 71-142 thousand years ago (ky). Our evaluation is much lower (56,063 ‫ע‬ 5,678 years).
Zhivotovsky et al. 25 also provide time estimates for the expansion in population size for African farmer or pastoralist populations (35.3 ky), Eurasian (25.3 ky), and East Asian populations (17.6 ky). We can contrast their estimates with our model estimates for when these populations started expanding. To do so, we can evaluate when these three areas are colonized in our model. Following this rationale, we obtained estimates for the expansion of ∼48 ky for African farmers, ∼40 ky for Eurasians, and ∼36 ky for East Asians. The two series of estimates are highly divergent. This is not entirely surprising, since the times of expansion do not have the same meaning in the two models. In our model, population expansion starts as soon as the area is colonized and lasts until carrying capacity is reached. In the model by Zhivotovsky et al., 25 expansion is decoupled from colonization and is meant to capture more-recent hypothetical events of population growth. For instance, their estimate of expansion of African huntergatherers is very recent (4.3 ky), whereas we obtain a figure similar to that obtained for African farmers (∼50 ky). This large difference in the time of population expansion between African farmers and hunter-gatherers in the work of Zhivotovsky et al. is intriguing and cannot be explained by a demographic effect of farming alone, since the estimated demographic expansion of African farmers predates by 25,000 years the first evidence of agriculture.
A calibration point that has attracted much interest is the time of exit from Africa. The first evidence of modern humans outside Africa comes from Israel and has been dated at 80,000-100,000 years ago. 37 However, this observation of modern humans in the Middle East is isolated and may represent an early offshoot that died out. The later, successful migration(s) out of Africa are believed to have occurred 45,000-75,000 years ago. 12, 21, 28 Our results support this view, since the out-of-Africa event corresponding to populations moving through the Sinai to the Levant in our model is predicted to have happened 45,000-55,000 years ago. When we computed our shortest distance through landmasses for the various populations ( fig. 2) , we did not consider a possible southern route through the Horn of Africa, along the tropical coast of the Indian Ocean to Southeast Asia and Australasia. 21, 38 However, both routes give similar geographic distances from East Africa to the 52 populations analyzed, and the results are essentially unaffected. The same is true for the colonization of Melanesia, where we considered a route through the Malaysian Peninsula rather than the Indian subcontinent.
Beyond single-parameters estimates, our model is remarkably effective at fitting empirical data ( fig. 4 ). This may come as a surprise to those who assume that humansettlement history was so complex that it cannot be captured by simple models. 39 Our model is indeed simple, since it considers only within-population coalescence times. We further neglected key events such as spatial and temporal environmental variation. Our results thus suggest that various environmental factors tend to be spatially relatively homogeneous for human migration patterns, when con-sidered over a large geographic distance. We fully acknowledge that any tractable population-genetics model will come at the cost of some idiosyncrasies. However, the strength of our approach stems from the coupling of a formal coalescence-times model with a sophisticated geographically explicit treatment of migration routes. 7 It seems that this mixture of a population-genetics model with dynamic demography superimposed on explicit geography creates a surprisingly powerful tool. Earlier related work focused on specific questions by fixing other parameters. 11, 36 Our framework allows all parameters to evolve freely; thus, we argue that it might be the precursor of a generation of tools that will greatly help us to understand the details of colonization history of humans as well as other species.
